Lipopolysaccharide (LPS) is a product of the cell walls of gram-negative bacteria and one of the major causes of septic shock in humans. Sepsis readily causes nitric oxide (NO) overproduction, which subsequently initiates a cascade of inflammatory responses leading to tissue injury and, eventually, dysfunction of multiple organs, including the kidney (Wolkow 1998; Schrier and Wang 2004) .
NO is synthesized by NO synthase (NOS), which has isoforms that have been classified into three types (Forstermann et al. 1994) : neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS); recently, a fourth type, mitochondrial NOS (mtNOS), has been reported (Bates et al. 1996; Ghafourifar and Richter 1997) . In contrast to the constitutively expressed NOS isoforms (nNOS, eNOS, and mtNOS), iNOS is normally undetectable under physiological conditions but can be induced de novo under experimental or pathological conditions. Mass production of NO and NO-derived peroxynitrate in disease states is mainly ascribed to excessive induction of iNOS, and these products exert various systemic and local effects on the kidneys as well as in other organs. Therefore, many previous investigations of selective modulation of iNOS expression in the kidney have been carried out (for review, see Heemskerk et al. 2009 ). Because local NO production in the kidney may play an important role in renal function in an autocrine/paracrine manner (Johnson and Freeman 1994; Lancaster 1994; Lau et al. 1995; Kipari et al. 2006) , determining the cellular localization of iNOS is critical in clarifying the mechanisms involved in NO-related renal function. Although renal iNOS expression has been extensively examined, its expression and cellular localization remain controversial. Some investigators have reported constitutive iNOS protein in several different renal structures in normal/control kidneys; others have failed to detect it (Table 1) . Furthermore, even with agreement on an increase in renal iNOS expression under experimental/pathological conditions, its cellular localization has been reported very differently by various investigators. These discrepancies may be due to differences in the species studied, experimental models, pathological states, methods of experimental procedures, and so forth. However, there were also distinct differences reported in the constitutive expression and cellular localization of iNOS among the studies using an LPStreated (LPS-t) rat model (Table 1) , one of the most common animal models for investigating sepsis-induced acute kidney injury (Doi et al. 2009 ). Fujihara et al. (2002) reported that the localization of iNOS may vary according to the type of antibody used. Although their result may partly account for discrepancies in the localization of renal iNOS among previous immunohistochemical studies, the question of which immunoreactivity result is correct remains unclear.
Enzyme histochemistry with NADPH-diaphorase (NADPH-d) has been widely used to identify specific populations of cells. Once NADPH-d was determined to be a component of NOS and a histochemical maker for cells producing NO (Hope et al. 1991; Young et al. 1992 ), many investigators have used NADPH-d to examine the expression and activity of NOS (Gabbott and Bacon 1993; Spessert and Layes 1994) . This method, however, does not allow distinction among isoforms of NOS, and diaphorase activity unrelated to NOS may arise (Spessert and Claassen 1998) . Nevertheless, all isoforms of NOS are detected (Tracey et al. 1993) , and the subcellular localization of NOS can be clearly identified using enzyme electron microscopy (Qi and Guy 1996; Uckert et al. 2003) . We used 
Materials and Methods

Animals and Tissue Preparation
This study was approved by the Animal Care Committee of the Catholic University of Korea. In all experiments, adult male Sprague-Dawley rats (Orient Bio, Inc., Seongnam, Korea) of ~230 g body weight were used. LPS injection was administered as reported previously (Madsen et al. 1997) . Two different types of LPS were used: LPS from Escherichia coli (026:B6 [L3755; Sigma-Aldrich, St. Louis, MO]), 10 mg/kg body wt, or LPS from Klebsiella pneumoniae (L1519; Sigma), 20 mg/kg body wt. Because there were no differences in response to the two types of LPS, all animals injected with LPS were analyzed as one group. Animals were single-injected intraperitoneally with sterile saline (control, n=3 per group) or LPS (LPS-t, n=6 per group). Animals were sacrificed at 1, 3, 6, 8, 12 , and 18 hr and 1, 3, and 7 days after injection. Under anesthesia, blood was collected via the abdominal aorta. The rats were then briefly perfused with phosphate-buffered saline (PBS) to remove the blood. Blood urea nitrogen (BUN) levels were measured using the i-STAT System (Abbott Laboratories; Abbott Park, IL). One kidney was excised and used for quantitative RT-PCR. The other kidney and liver were perfused with 4% paraformaldehyde for 10 min, removed, and postfixed for 3 hr in the same fixative at 4C. After fixation, 50-µm-thick vibratome sections were cut and processed for immunohistochemistry and NADPH-d. Some sections were equilibrated with 30% (w/v) sucrose in 0.1 M PB and frozen until used.
Antibodies
For iNOS immunohistochemistry, five different antibodies were used: rabbit anti-iNOS2 antibody (06-573, 1:500; Millipore, Temecula, CA), rabbit anti-NOS2 (SC-650, 1:1000; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit anti-iNOS2 (610332, 1:300), mouse anti-iNOS2 (610431, 1:200) , and mouse anti-iNOS2 (610328, 1:200) from BD Transduction Laboratories (Lexington, KY).
To identify iNOS-positive cell types, the following cellspecific antibodies were used: rabbit anti-aquaporin-1 (AQP1) (AB3065, 1:500; Chemicon, Temecula, CA) for the descending thin limb (DTL) of Henle's long loop and the endothelium of the descending vasa recta, rabbit anti-aquaporin-2 (AQP2) (AB3274, 1:200; Millipore) for collecting duct cells, rabbit anti-urea transporter (UT-A2) (1:100; courtesy of Dr. Jeff M. Sands, Emory University, Atlanta, GA) for the DTL of Henle's short loop, rabbit anti-chloride channel (CLC-K) (AB5392, 1:100; Chemicon) for the ascending thin limb of Henle's loop, and mouse anti-ED-1 (MCA341GA, 1:100; Serotec, Oxford, UK) for macrophages.
Peroxidase-conjugated donkey anti-rabbit or mouse IgG Fab fragments (1:100; Jackson ImmunoResearch Laboratories, West Grove, PA) were used as secondary antibodies.
Quantitative RT-PCR
Total RNA was extracted from the renal cortex, outer medulla, and inner medulla with TRIzol reagent (Invitrogen, Carlsbad, CA), and the purity and yield of the RNA were determined spectrophotometrically. One microgram of total RNA from each sample was transcribed into first-strand cDNA using reverse transcriptase M-MLV (Takara Korea Biomedical, Inc., Seoul, Korea) in a total volume of 20 µl according to the manufacturer's instructions. Equal amounts (1 µl) of cDNA were real-time amplified in a Rotor-Gene RG-6000 (Corbett Research, Mortlake, Australia) using the SYBR Premix EX Taq kit (RR420A, Takara Korea Biomedical, Inc.). The primers were designed at the Internet site provided by Integrated DNA Technologies, Inc. (Coralville, IA; http://eu.idtdna.com/ Scitools/Applications/RealTimePCR/). The sequences of the primers used were as follows: iNOS, accession number NM_012611, forward GACCAGAAACTGTCTCACCTG and reverse CGAACATCGAACGTCTCACA; Monocyte chemoattractant protein-1 (MCP-1), accession number NM_031530, forward GGTCTCTGTCACGCTTCTG and reverse TTCTCCAGCCGACTCATTG; regulated upon activation, normal T cell expressed and secreted (RANTES), accession number NM_031116, forward CACCTGCCTC-CCCATATG and reverse TTCCTTCGAGTGACAAAGACG; GAPDH, accession number NM_017008, forward GGAT-GGAATTGTGAGGGAGA and reverse GTGGACCTCA-TGGCCTACAT. The primers were verified to generate a single PCR product using gel electrophoresis after conventional PCR. The PCR conditions were as follows: incubation for 10 min at 95C, followed by 45 cycles of denaturation at 95C for 10 sec, annealing at 60C for 15 sec, and extension at 72C for 20 sec. A reaction mixture lacking cDNA was used as the negative control. The data were analyzed using RotorGene 6000 Series software (version 1.7.75; Corbett Research). The expression level of iNOS was calculated using the comparative threshold cycle method (2 -∆∆Ct ) with GAPDH as the control gene.
iNOS Immunohistochemistry
For iNOS immunohistochemistry, the vibratome sections were processed using a previously reported preembedding immunoperoxidase method with 3,3′-diaminobenzidine (DAB) as the chromogen (Cha et al. 2001) . Some of the immunostained vibratome sections were used for transmission electron microscopic observation to examine subcellular immunolocalization. Negative controls were analyzed following the same procedures without primary antisera and showed no positive reactivity (data not shown).
Double Immunohistochemistry
After the iNOS-immunostained vibratome sections were embedded in resin, double immunohistochemistry was performed using antibodies against AQP1, AQP2, UT-A, and CLC-K to identify iNOS-positive cells. Semithin sections (1.5 µm thick) were cut and treated for 30 min with a saturated solution of sodium hydroxide diluted 1:1 in absolute ethanol to remove the resin. To elute the antibodies from the first round of immunostaining, we used a heat-mediated antibody stripping method (Lan et al. 1995) . Briefly, section slides were submerged in a staining jar with 10 mM citrate buffer (pH 6.0) and microwaved at 800 W to the boiling point for 2 to 3 min at 100% power and then heated for an additional 5 min at 50% power. The slides were allowed to cool for 30 min at room temperature followed by a second round of immunostaining. After rinsing in tap water, the tissue sections were incubated for 15 min in 1.4% methanolic H 2 O 2 solution. The sections were incubated with normal donkey serum followed by incubation overnight at 4C with AQP1, AQP2, UT-A2, or CLC-K antibodies. After several washes in PBS, the tissue sections were incubated for 2 hr with horseradish peroxidaseconjugated donkey anti-rabbit IgG Fab fragments. For detection, Vector SG (Vector Laboratories, Burlingame, CA) was used to produce a blue color that is easily distinguishable from the brown staining produced by diaminobenzidine used for detection of iNOS.
NADPH-d Enzyme Histochemistry
For NADPH-d enzyme histochemistry, the vibratome sections were pretreated with Tris-HCl buffer (TB, pH 8.0) and incubated for 1 hr at 37C in TB containing 0.2% Triton X-100, 0.2 mM nitro blue tetrazolium, and 1 mM β-NADPH. The stained sections were postfixed with 2.5% glutaraldehyde and 1% OsO 4 (in 0.1 M phosphate buffer, pH 7.4), dehydrated, and embedded in poly/Bed 812 resin. Semithin sections were prepared for light microscopy, and ultrathin sections were photographed using a JEM-1010 transmission electron microscope (JEOL, Tokyo, Japan). All chemicals for NADPH-d enzyme histochemistry were purchased from Sigma-Aldrich.
In Situ RT-PCR
To determine iNOS mRNA localization, frozen vibratome sections were processed using a modification of the whole-mount method (Abdel-latief et al. 2008 ) and onestep in situ RT-PCR (Sato et al. 2011) . Vibratome sections were immersion-fixed in 4% paraformaldehyde (in PBS buffer; pH 7.2) for 30 min at room temperature. After fixation, the sections were washed three times in PBS for 20 min. To enhance the penetration of RT-PCR enzymes, the sections were dehydrated and rehydrated in an ethanol series of 30%, 50%, 70%, 90%, and 100% (vol/vol) ethanol/water (5 min each step), then treated with 0.5% Triton-X100 solution (in PBS buffer; pH 7.2) for 30 min. After washing the sections in nuclease-free water, one-step in situ RT-PCR was performed in a PTC-100 thermal cycler (Bio-Rad Laboratories, Hercules, CA) using RT-PCR Quick Master Mix (Toyobo, Osaka, Japan) containing Thermus thermophilus (Tth) DNA polymerase, which combines cDNA synthesis and PCR amplification in a single reaction mixture. The reaction mixture (50 µl/tube/section) contained 25 µl 2× Quick Master Mix, 18 µl nuclease-free water, 2.5 µl 50 mM Mn(OAc)2, 2 µl each primer (stock: 10 pmol/µl), and 0.5 µl 25 nM digoxigenin-11-dUTP (Roche, Mannheim, Germany). The cDNA was synthesized at 60C for 50 min. The PCR conditions were as follows: incubation for 5 min at 94C, followed by 25 cycles of denaturation at 94C for 70 sec, annealing at 60C for 70 sec, extension at 72C for 60 sec, and termination with a final extension at 72C for 8 min. Five sets of primers (iNOS, accession number NM_012611) were used as follows: (1) forward GTGCTAATGCGG-AAGGTCAT and reverse CATGGTGAACACGTTCTTGG (627 bp), (2) forward GCAAACACCTTGGAAGAGGA and reverse AACATCGAACGTCTCACAGG (330 bp), (3) forward TCCTCTTTGCTACTGAGACAGG and reverse GTGAGACAGTTTCTGGTCGATG (320 bp), (4) forward TCAACACCAAGGTTGTCTGC and reverse GTCAT-GAGCAAAGGCACAGA (227 bp), and (5) forward TTCAGATCCCGAAACGCTAC and reverse TGATGTC-CAGGAAGTAGGTGAG (429 bp). Each primer pair was tested to ensure generation of single RT-PCR products using one-step in situ RT-PCR Quick Master Mix with total RNA samples from 8-hr LPS-t rat kidney. After RT-PCR, the sections were fixed in 2.5% glutaraldehyde in PBS for 30 min at room temperature and washed twice in 0.1× SSC (standard saline citrate) for 20 min at 45C and in PBS for 10 min. After a blocking step, the sections were incubated with anti-digoxigenin antiserum conjugated with alkaline phosphatase at 4C overnight. Histochemical detection was then performed using the 4-nitroblue tetrazolium chloride/5-bromo-4-chloro-3-indolyl-phosphate mixture (Roche). After histochemical detection, sections were embedded in resin, and semithin sections were cut and examined with an Olympus photomicroscope (Tokyo, Japan) equipped with differential-interference contrast. Some semithin sections were double immunostained using antibodies against AQP1 and UT-A to identify cell types by double immunohistochemistry (see below) with DAB as a chromogen.
For positive control of in situ RT-PCR, the same procedure was performed in liver sections. Negative controls were analyzed by following the same procedures with a primer-free reaction mixture and showed no positive reactivity (data not shown). All solutions for in situ RT-PCR were treated with diethylpyrocarbonate (DEPC) before use.
Statistics
Data are expressed as means ± standard deviation (SD). Statistically significant differences between two groups were determined using an unpaired Student's t-test. p<0.01 was considered significant.
Results
LPS-induced Renal Failure
The BUN levels of the LPS-t rats significantly increased beginning 1 hr after injection and reached a maximum at 8 hr. Thereafter, BUN levels declined gradually, remained relatively high at 1 day, and returned to the control level after 3 days (Fig. 1) . MCP-1 and RANTES expression significantly increased in LPS-t rats beginning 1 hr after injection. MCP-1 levels reached a maximum at 8 hr and then abruptly decreased. RANTES was expressed at high levels from 6 to 8 hr and decreased gradually (Suppl. Figs. S1 and S2). To examine infiltrating macrophages, as is generally performed in histological evaluations of renal injury, ED-1 immunohistochemistry was performed. In the control kidney, very small numbers of ED-1-positive cells were found, especially around the glomeruli. After LPS-t, ED-1 immunoreactivity increased in intensity and number, reached a maximum at 12 hr, and increased levels continued to 3-day LPS-t (Suppl. Figs. S3 and S4 ). At 8-hr LPS-t, when iNOS expression was at an immunohistochemical maximum, almost all the ED-1-positive cells coexpressed iNOS (Suppl. Fig. S5 ). Time-and region-dependent ED-1-positive cell numbers are summarized in Supplemental  Table S1 . These data were similar to other reports in LPS-t models (Meyer-Schwesinger et al. 2009 ) and indicate that septic renal failure was successfully induced.
Expression of iNOS mRNA
In the control group, the expression level of iNOS mRNA was very low (mean Ct = 27.15, 25.47, and 26.06 in the cortex, outer medulla, and inner medulla, respectively). Induction of iNOS mRNA was evident as early as 1 hr after LPS injection, was highest at 6 to 8 hr, and then decreased rapidly. The expression patterns of iNOS mRNA for the cortex and outer and inner medulla were similar (Fig. 2) .
Localization and Identification of iNOSproducing Cells by Immunohistochemistry
For iNOS immunohistochemistry, five different antibodies were tested. One of the antibodies, mouse anti-iNOS2 (610431; BD Transduction Laboratories), produced immunostaining results similar to those of the other antibodies, except that it immunostained the macula densa in both the control and LPS-t groups (Fig. 3A,B) where only nNOS, not iNOS, is known to be localized. The other antibodies did not immunostain the macula densa (Fig. 3C) . For this reason, all of the data using this mouse anti-iNOS2 antibody (610431) were excluded from the final results.
We also tested a number of modifications of immunohistochemical procedures and found that a change in antibody dilution may produce different immunostaining. At a lower dilution (1:100) of the antibody purchased from Santa Cruz Biotechnology, the cortical and some medullary tubules from both control and LPS-t rat kidneys were iNOS immunostained, whereas iNOS was negative in these tubular structures at a higher dilution (1:1000) (Fig. 4A,B) . Transmission electron microscopy showed that these immunoreactivities in the tubular structures were localized mainly in the mitochondria (Fig. 4C,D) , but immunoreactivities in interstitial cells (ISc), inner medullary collecting duct cells (IMCDc), glomerular parietal epithelial cells (GPEc), and calyceal and papillary epithelial cells (CPEc) were localized in the cytoplasm (Fig. 4C,E) . The intertubular vascular endothelium was iNOS negative (Fig. 4C) . The other iNOS antibodies used in the present study showed no marked change in immunolocalization with dilution.
Control kidneys were nearly negative for iNOS. There was no immunoreactivity in renal tubular structures other than very small numbers of iNOS-positive ISc (data not shown).
In contrast, iNOS was expressed in LPS-t kidneys in several types of cells: ISc, most but not all GPEc, the DTLs of the short and long loop of Henle, IMCDc, and CPEc. No iNOS immunoreactivity was detected in the proximal and distal tubules, thick ascending limb, or cortical or outer medullary collecting ducts in any experimental group. Glomerular and intertubular capillary endothelia were also iNOS negative.
Temporal expression patterns of iNOS-positive structures were similar, except that iNOS induction in the DTL of the inner medulla and CPEc was a little later and remained elevated a little longer than in the other structures. One hour after LPS injection, only a small increase in iNOS-positive ISc was observed. Induction of iNOS protein in several types of cells was observed 3 hr after injection, remained high over 6 to 18 hr, and decreased gradually to the control level by day 7.
Unlike ISc, GPEc, IMCDc, and CPEc which can all be easily distinguished using light and electron microscopy by their location and morphological characteristics (Figs. 3-5) , the medullary thin tubular structures showing iNOS immunoreactivity were distinguished by the double immunostaining method with cell-specific markers using the antibody elution Vibratome sections (50 µm thick) of the renal cortex from the control (A) and 8-hr lipopolysaccharidetreated (LPS-t) rat kidney (B,C) groups immunostained using mouse inducible nitric oxide synthase (iNOS) antibody (610431) (A,B) and rabbit iNOS antibody (610332) purchased from BD Transduction Laboratories (C). For the 610431 antibody immunohistochemistry, no immunostained structure except the macula densa (double arrow in inset of A) was detected in control rat kidneys (A). Note that the immunostaining result using the 610431 antibody is very similar to that using the 610332 antibody except for the macula densa staining (double arrow in inset of B). Arrows in insets of B and C indicate immunostained glomerular parietal epithelial cells. Scale bars = 50 (inset), 500 µm.
method. These results demonstrate that the antibody elution procedure used in the present study enables performance of the secondary round of immunostaining successfully without cross-reactivity and without loss of tissue antigenicity (Fig. 5) .
The outer medulla, collecting duct, and thick ascending limb were iNOS negative (Fig. 5B) . iNOS-positive (AQP1-negative) thin tubular structures were observed in the outer and middle layers of the vascular bundle (descending vasa recta; weak AQP1 positive) (Fig. 5A) . These iNOS-positive thin tubular structures were identified as short-looped DTL (DTL-S) by UT-A2 immunolabeling in their distal portion. Almost all of the cells of the proximal part of the DTL-S were iNOS positive. A few cells in the DTL-S coexpressed iNOS and UT-A2 (Fig. 5E ). Strongly AQP1-positive longlooped DTL cells were located in the interbundle region (Fig. 5A ). In the proximal parts of the long-looped DTL, only a few cells showed weak iNOS reactivity (Fig. 5C) . Two subtypes were distinguished in the long-looped DTL following Pannabecker et al. (2004) : the shorter longlooped DTL (DTL-L1) and the longer long-looped DTL (DTL-L2). In the upper third portion of the inner medulla, the DTL-L1 was AQP1 negative but iNOS positive ( Fig.  5F-H) . In the DTL-L2, iNOS was expressed intermittently in the upper and middle papillary regions (Fig. 5G,H) . iNOS-positive collecting duct cells were observed only in the inner medulla, not in either the cortex or outer medulla. In the inner medullary collecting duct, AQP-2-negative intercalated cells were iNOS negative, and iNOSpositive IMCDc were generally scattered singly throughout the inner medulla (Fig. 5I) .
The ascending thin limb of Henle's loop was identified by CLC-K immunostaining (Fig. 5H) , and the descending and ascending vasa recta were identified by weak AQP1 positivity and negativity, respectively, and sometimes by red blood cells in their lumen (Fig. 5A,C,D,G) . These three thin tubular structures were iNOS negative.
Subcellular Localization of iNOS by NADPH-d Enzyme Histochemistry
Light microscopy showed that the NADPH-d reaction product was intensely deposited in the cortex, moderately in the outer medulla, and weakly in the inner medulla of the control kidneys. In the LPS-t kidneys, no marked differences were observed except that some structures, such as ISc, GPEc, CPEc, and scattered IMCDc, which can all be distinguished by their location and morphological characteristics, showed strong NADPH-d activity.
In the semithin sections, NADPH-d reaction products in the proximal and distal tubules, cortical and outer medullary collecting ducts, and thick ascending limb exhibited punctuate patterns in the cytoplasm (Fig. 6) . Electron microscopy revealed that the reaction products were localized to the mitochondria (Fig. 7A-D) . In contrast, cytosolic distribution of NADPH-d reaction products was observed in ISc, GPEc, CPEc, and some IMCDc of the LPS-t kidneys (Fig. 7C,E-H) . Cytosolic expression was also observed in macula densa cells from both control and LPS-t kidneys (Fig. 7E,F) . NADPH-d reaction products were also observed in the endothelial cells and thin tubular cells, but it was difficult to confirm whether the reaction products were localized in the cytosol due to their thin cytoplasmic structures.
Localization of iNOS-mRNA-producing Cells by In Situ RT-PCR
For in situ RT-PCR, five primer pairs were tested. From conventional RT-PCR using the one-step in situ RT-PCR Quick Master Mix with total RNA samples from 8-hr LPS-t rat kidney, all primer pairs were verified to generate single RT-PCR bands (Fig. 8) . However, only two primer pairs showed good in situ RT-PCR reactivity; none of the other pairs functioned with in situ RT-PCR. We used the liver as a control tissue because hepatic and Kupffer cells (hepatic macrophages) are known to express iNOS in response to LPS treatment (Taylor et al. 1998) . No iNOS immunoreactivity or in situ signals were detected in control rat liver (data not shown). In contrast, strong iNOS immunoreactivity and in situ signals were found in Kupffer cells; various intensities of iNOS immunoreactivity and in situ signals were observed in hepatic cells from LPS-t rat liver (Fig.  9A,B) . In situ RT-PCR signals were detected in the cytoplasm but not in the nucleus of both liver and kidney tissues (Fig. 9) . We consider this a validation that our modification of in situ RT-PCR using the one-step RT-PCR kit worked well in vibratome sections. Control kidneys were nearly negative for iNOS in situ RT-PCR. In contrast, iNOS in situ signals were detected in LPS-t kidneys in several cell types: Electron micrographs of NADPH-diaphorase (NADPH-d) enzyme histochemistry for the 8-hr lipopolysaccharide-treated (LPS-t) group kidneys. B, D, F, and H are magnification images of the boxed areas in A, C, E, and G, respectively. In the proximal tubular cell (PT) and thick ascending limb cell (TAL), the reaction products were located exclusively in the mitochondria. In the macular densa (MD), glomerular parietal epithelial cells (GPEc), interstitial cells (ISc), and inner medullary collecting duct cells (IMCDc), the reaction products were diffusely distributed in the cytoplasm. Scale bars = 2 µm.
ISc, most but not all GPEc, the DTLs of the short and long loop of Henle, IMCDc, and CPEc ( Fig. 9C-F) . Most antigenicity was reduced after in situ RT-PCR, especially related to UT-A (Fig. 9D) . However, the DTLs of the short and long loop of Henle exhibited an iNOS in situ signal that could be identified using antibodies against AQP1 and UT-A after double immunohistochemistry. No iNOS in situ signal was observed in the proximal and distal tubules, thick ascending limb, or cortical or outer medullary collecting ducts in any experimental group.
Discussion
The quantitative data in the present study for timedependent expression of iNOS were very similar to previous reports in LPS-t rat models that administered various serotypes of LPS to Wistar rats (Sade et al. 1999; Lortie et al. 2000; Yamaguchi et al. 2006) . The induction of iNOS mRNA was evident as early as 1 hr after LPS injection, continued at a high level at 6 to 8 hr, and then decreased rapidly. Taken together, including our results using two different LPS administered to SD rats, these findings suggest that the induction pattern of iNOS in the LPS-t rat model may be relatively constant regardless of rat strain or LPS type and that induced iNOS protein in the LPS-t rat model may also be consistently localized. However, iNOS localization obtained in the present study from iNOS immunohistochemistry (Fig. 10 ) differs substantially from both other morphological studies using various experimental conditions and models and those of other reports using the LPS-t rat model (Table 1) , in which iNOS was induced in the cortical and/or outer medullary tubules, glomerular mesangial cells, macula densa, GPEc, ISc, CPEc, and/or vascular endothelium.
In immunohistochemical studies, differing results are occasionally obtained due to the type of antibody or immunohistochemical procedure used. This difference is caused by defects in immunohistochemical methods, resulting in false positives and false negatives. Among the five antibodies used in the present study, mouse anti-iNOS2 (610431; BD Transduction Laboratories), in contrast to another mouse monoclonal antibody (610328) from the same company, immunostained the macula densa in both the control and LPS-t groups. We considered the results from this antibody false positives due to incomplete antigen specificity, because the macula densa is known to contain nNOS, not iNOS, especially in control kidneys (Tojo et al. 1994) .
In the present study, no iNOS immunoreactivity was detected in the proximal and distal tubules, thick ascending limb, or cortical or outer medullary collecting ducts in any experimental group. The glomerular and intertubular capillary endothelia were also iNOS negative. However, many previous reports, even those using the LPS-t rat model (Table 1) , have reported iNOS expression in these areas in control and/or experimental rats, particularly in the cortical tubules. To examine this difference, we tested various steps of the immunohistochemical procedure and found that the antibody dilution may affect the immunohistochemical results. For the antibody purchased from Santa Cruz Biotechnology, the cortical tubules were iNOS immunostained only at a lower antibody dilution (1:100) but not at a higher antibody dilution (1:1000) at which other structures were strongly immunostained, similar to the other four antibodies. However, electron microscopy demonstrated that the immunoreactivities in the cortical tubules were localized mainly in mitochondria. This result is consistent with another report that iNOS staining was mainly distributed in the basal part of the tubular cells where numerous mitochondria are distributed, using the same antibody from Santa Cruz Biotechnology at a lower dilution (Buffoli et al. 2005) . Several investigators have reported that mtNOS was detected using the iNOS antibody and was identified as a splice variant of nNOS (Tatoyan and Giulivi 1998; Elfering et al. 2002; Fellet et al. 2006) . Therefore, iNOS immunostaining in the mitochondria at lower antibody dilutions, as with immunostaining in the macula densa, may be due to cross-reactivity of the iNOS antibody with nNOS. However, because many investigators have reported iNOS reactivity in the renal glomerulus and/or cortical tubules of various renal injury models, it is possible that the discrepancy between our results and these reports may originate with differences in the renal injuries or from different doses of LPS. For example, we injected sublethal doses of LPS, whereas other groups used lethal doses that may induce a more fulminant inflammatory reaction that could also affect glomerular and cortical tubular cells. We plan to examine the expression pattern of renal iNOS in specific glomerular or tubulointerstitial injury models.
To confirm our immunohistochemical results, we conducted NADPH-d enzyme electron microscopy. In the proximal and distal tubules, cortical and outer medullary collecting ducts, and thick ascending limb of control and LPS-t kidneys, NADPH-d reaction products were found exclusively in mitochondria (not in the cytosol). Because iNOS was localized in the cytosol rather than in mitochondria (Vodovotz et al. 1995) , we conclude that formation of the reaction product in mitochondria of these cells may be due either to NOS-unrelated diaphorase activity or mtNOS and that therefore iNOS was not expressed in these tubules. In macula densa cells, ISc, GPEc, CPEc, and some IMCDc of the LPS-t kidneys, cytosolic NADPH-d reaction products were observed. Such products of macula densa cells may be derived from nNOS, whereas those in all of the other cells confirm that iNOS immunostaining in these cells in the present study is truly positive.
To identify iNOS-positive thin tubular structures in the medulla, we used double immunohistochemistry. We were able to identify the thin tubular structures easily by their morphological characteristics, such as epithelial type, relative position, luminal contents, and immunoreactivity against a specific marker (Pannabecker et al. 2004; Zhai et al. 2007 ). We found that iNOS was expressed in the proximal part of the DTL-S and in a portion of the long-looped DTL but not in the vascular endothelium or the ascending thin limb. In contrast to the present findings, numerous reports have described expression of renal iNOS in the vascular endothelium (Table  1) . However, no report has described renal iNOS expression in Henle's thin loop, except one study that described iNOS immunostaining along with the vasa recta (Buffoli et al. 2005) . The thin loop of Henle and the vasa recta are adjacent, and both are morphologically of the simple squamous epithelial type (Zhai et al. 2006) . Therefore, we hypothesize that Henle's thin loop may have been confused with the vasa recta. To our knowledge, no investigations reporting renal iNOS localization to the vascular endothelium have confirmed its expression using additional methods (e.g., double immunohistochemistry).
Constitutive expression of iNOS in normal/control kidneys is also controversial. Some investigators have reported constitutive expression of iNOS in normal/control kidneys, but others have found none. In the present study, only a very small quantity of iNOS mRNA was present in the control kidneys. We suggest that such a small quantity of iNOS mRNA may originate from a very small number of iNOSimmunoreactive ISc in control kidneys. On the basis of the results of the present study, we conclude that iNOS may not be expressed constitutively in any normal renal tubules, corroborated by the lack of detected cytosolic NADPH-d reaction product in control renal tubular cells.
Only two studies have used in situ hybridization to address renal iNOS mRNA localization in septic animal models. However, their results for iNOS mRNA localization differ. Ahn et al. (1994) reported that many tubular structures were labeled in normal rats and that LPS-t rats exhibited a similar labeling pattern but with increased staining of some cells. The results of Holmqvist et al. (2005) and their LPS-t mice model were similar to our results. They reported that no iNOS mRNA labeling was detected in untreated animals and that after LPS administration, strong iNOS mRNA labeling was present in GPEc, cortical and medulla tubules (unidentified), CPEc, and a few putative mesangial cells of the glomeruli. The results of our in situ RT-PCR experiment were consistent with the immunohistochemistry results and verified the results obtained with antibodies.
It is uncertain whether the present results can be directly applied to other experiments using different animal species or experimental/pathological conditions. To date, numerous studies on the role of iNOS in renal injury, including the LPS-t septic model, often have been performed under the hypothesis that iNOS is expressed constitutively or induced in renal tubules or the vascular endothelium (for review, see Heemskerk et al. 2009 ). We suggest that the validity of this hypothesis may not have been adequately evaluated because iNOS in the ISc and tubular mtNOS can affect tubular function (Kipari et al. 2006; Ghafourifar et al. 1999) , and iNOS in GPEc and DTL may have a paracrine effect on juxtaposed vascular structures.
In conclusion, the present study clarified the exact localization of iNOS in LPS-t rat kidneys. These findings provide an important basis for examining the roles of iNOS in the kidney. Identification of the exact site of pathologic processing is of little interest and could be regarded as having little clinical importance, but the ability to evaluate specific cellular sites in pathologic processing could help us better understand the mechanisms of pathogenesis and to evaluate therapeutic modalities. Furthermore, if any new iNOSblocking drug could have selective specificity for cellular proteins in specific renal cell types, just as diuretics influence specific ion channels, the drug could have high clinical efficacy at a minimal dose of LPS to avoid iNOS tubular damage. Studies on the roles of iNOS induction in the DTL, GPEc, CPEc, and some IMCDc are lacking; thus, further studies are required to evaluate the role of iNOS in renal injury.
